Novel multifocal flat metasurface (MS) lenses are developed using two techniques: (i) polarization diversity, and (ii) annular segmentation of the lens aperture. The polarization-diversity technique enables overall lens aperture reuse, thus doubling the number of foci through the simultaneous focusing of two orthogonal linearly polarized incident beams at two distinct foci using the lens aperture. The annular-segmentation technique, on the other hand, is independent of incident beam polarization and is only based on dividing the lens aperture into concentric annular segments that converge different portions of the illuminating beam at different foci. The total number of foci can be further increased by combining the polarization-diversity and the annular-segmentation techniques. Subsequently, the concept of multifocality is further extended to design a novel flat lens with an overall single needle-like focal region with elongated depth of focus (DOF) without loss of lateral resolution. To this goal, we design a multifocal lens with overlapping profiles of foci superposed into a single elongated needle-shaped focal region. Using the combination of polarization-diversity and annular-segmentation techniques, we develop a novel MS flat lens made of Y-shaped nanoantennas, whose polarization-dependent reflection phase and amplitude can be controlled independently via their geometrical parameters. Via numerical calculations, we demonstrate that the proposed MS lens has an overall single focal region with an extremely long DOF of about 74.1 λ, a lateral full width at half maximum varying in the range of 1.37 λ to 2.8 λ, and a numerical aperture of about 0.26 (considering the center of the focal region as the effective focal point). Here, the MS lens's capability to synthesize extremely long DOF is conceptually demonstrated without resorting to time-consuming and complicated wavefront synthesis methods. The engineering of focal intensity profiles with flat MSs may introduce significant advancement in nanoimaging, many areas of microscopy, and ophthalmic applications.
INTRODUCTION
Increasing depth of focus (DOF) without losing lateral spatial resolution has been a classical challenge in optical systems such as data recording systems and microscopy [1] [2] [3] [4] [5] [6] [7] [8] [9] . Particularly, a shallow DOF limits the capability of the imaging systems for thick specimens. Therefore, such systems usually use an "optical sectioning" technique [4, 5, 10] by moving the specimen along the beam axis. Different extended DOF algorithms are then employed to restore a single image of the specimen from a range of images taken at different positions of the specimen along the beam axis [4, 5, 11] . Another approach to overcome the shallow DOF barrier is to use a variable focus hologram together with a restoring extended DOF algorithm while keeping the specimen position fixed on the beam axis [6, 7] . To reduce the complexity of such focal scanning systems, a particular class of lenses with a single focal region featuring a narrow lateral width and an elongated DOF is employed for data recording systems and microscopy [1, [12] [13] [14] [15] [16] . Such lenses with a long DOF provide a longer interaction range between the focused beam and the specimen in optical systems and therefore remedy the problems caused by the specimen being out of focus. In this regard, the use of optical power absorbing apodizers has been thoroughly examined to increase the DOF in optical systems [15, 16] . It has been also demonstrated that upon focusing optical vector beam modes with annular intensity shape possessing radial [17] [18] [19] [20] and azimuthal [21, 22] polarizations through a conventional lens, a focal region is achieved with a very long DOF and narrow lateral full width at half maximum (FWHM). The narrower the annular width of the incident radially polarized beam, the longer the DOF [17, 20] . However, these methods usually suffer from a decrease of the optical power in the focal plane due to the partial blockage of the illuminating beam. Recently, a method based on optical "super-oscillations" (see Ref. [23] for more details) has been developed to generate a needle-shaped focus with a spot size smaller than the diffraction limit and a DOF of ∼15 λ [24] . However, this technique usually suffers from high intensity side lobes surrounding the focal region.
In this paper, we demonstrate that a single elongated focal range with a very narrow lateral FWHM is obtained by generating multiple overlapping foci using, for the first time to the authors' knowledge, a multifocal metasurface (MS) lens. The techniques described here together with its realization using MS technology (which provides independent control of phase, amplitude, and polarization of the illuminating beam) would result in an extended DOF with reduced power loss. The only source of the power loss in our proposed method is the metal losses, which cannot be neglected when operating in the visible spectrum or at infrared when nonnoble metals are used. Note that a multifocal lens by itself is an important optical component and is at the heart of many optical devices, such as multifocal plane microscopy [25] [26] [27] , dual field-of-view optical imaging systems [28] , DVD drivers [29, 30] , optical coherence tomography imaging systems, and intraocular contact lenses [31] . A conventional bifocal three-dimensional (3D) lens is realized by dividing the lens aperture into two sublenses: (i) a central zone with focal distance f 1 and (ii) a peripheral concentric zone with focal distance f 2 greater than f 1 [32] , in which the incident beam illuminates the central and peripheral zones of the lens with a specific power proportion. In addition, conventional multifocal lenses are usually designed based on a diffractive optics approach and have found their use in many practical applications [33, 34] .
The novel multifocal MS lenses proposed here have a flat, compact configuration and therefore are easier to fabricate and integrate in nanophotonic systems as compared to their conventional bulky counterparts [28] [29] [30] [31] [32] [33] [34] . In addition, they provide more functionality by allowing independent tailoring of not only the local phase and amplitude but also the polarization of the beam [35, 36] . In order to design the proposed multifocal MS lenses, two techniques are investigated here: (i) polarization diversity [simultaneous focusing of two orthogonal linearly polarized incident beams at two distinct foci, as shown in Fig. 1(a) ] that uses the overall lens aperture, and (ii) annular segmentation [dividing the lens aperture into multiple concentric sublenses that converge the incident beam at distinct foci, as shown in Fig. 1(b) ]. We also describe a novel combination of these two techniques either with spatially separated foci [see Fig. 1(c) ] or with a single needle-like focal region with an elongated DOF. Recently, with the availability of planar fabrication technologies, various flat optics devices have been developed and have received increasing attention in modern optics and photonics [37] [38] [39] [40] [41] [42] [43] [44] . In particular, flat monofocal MS lenses comprising nanoantennas have been extensively investigated in the literature [39, [45] [46] [47] ; however, such designs usually have a shallow DOF. It has been recently demonstrated that a flat MS lens forms a single focal range with a DOF of about 21 λ and a lateral FWHM of 1.8 λ (at λ 425 μm) by properly tailoring the local phase and amplitude of the scattered field from the MS lens through an iterative phase-amplitude optimization algorithm [48] . However, due to the large number of elements on the MS lens, more than hundreds of elements, it would be difficult and time consuming to optimize the phase of reflection/transmission coefficient at all MS elements using local or global search algorithms.
Here, we employ the flat MS lens technology due to its flexibilities in the engineering of the focal intensity profile by spatially tailoring the local phase, amplitude, and polarization state of the incident beam. Note that, in principle, MSs can be realized with either metallic or dielectric nanoantennas. First, we design a novel bifocal flat MS lens based on the first technique, the polarization-diversity technique illustrated in Fig. 1(a) . A slant-polarized incident beam (here represented as a superposition of two x 0 -polarized and y 0 -polarized beams such that the projections of the incident electric field on the x-and y-axes are of equal amplitude and phase) illuminates the bifocal MS lens. The angle of incidence, defined as the angle between the beam axis z 0 and the MS normal z, is α. The lens focuses the two orthogonally polarized linear components Fig. 1 . Schematic of representative multifocal MS lenses based on (a) polarization-diversity technique, (b) annular-segmentation technique (in this representative example, the lens aperture is divided into two concentric annular segments, central and peripheral segments, focusing the illuminating beam onto two well-separated foci), and (c) combined polarization-diversity and annular-segmentation technique. The illuminating beam is defined in the primed coordinate system, and the x 0 -axis is aligned with the x-axis while the angle between the z-axis and the z 0 -axis is α. The subscripts x and y refer to the electric field polarization direction, and the superscripts c and p refer to the central and peripheral MS segments, respectively. of the incident beam at two spatially separated foci whose separation is determined by the design. Upon choosing the proper separation distance of these two orthogonally polarized foci, a needle-like intensity profile forms along the axis of propagation with a very fine lateral resolution and an extended DOF. The simple design procedure makes this method promising for applications which are sensitive to intensity rather than polarization, such as microscopy and data storage devices.
Next, the multifocal lens concept is further developed via the second technique discussed here, the annular-segmentation technique as illustrated in Fig. 1(b) , in which the lens aperture divides into separate concentric annular sub-MSs. Different portions of the incident beam illuminate different sub-MSs and thus are focused into different closely spaced/separated foci. In conventional multifocal diffractive lenses [33] , foci are symmetrically distributed and equally spaced on the beam axis around the zeroth diffractive order focus, which is the focus corresponding to the rays diffracted according to the conventional Snell's law. In contrast, the foci locations and separations for the flat multifocal circular lens proposed in this paper can be chosen arbitrarily in three-dimensional space. Furthermore, a lens with an extraordinarily elongated DOF is realized with the combination of the two techniques just described, polarization diversity and annular segmentation, in such a way that each sub-MS exhibits two foci for two orthogonal linearly polarized components of the illuminating beam [see Fig. 1 
(c)].
Simulation results show that the proposed multifocal lens design procedure, albeit simple and time-effective, is a great candidate for the design of various versions of multifocal lenses and monofocal lenses with elongated DOF. Note that although we here utilize the reflection-type geometry due to its high efficiency [49] [50] [51] [52] and polarization conversion efficiencies [53] , the techniques proposed in this paper (see Fig. 1 ) can be straightforwardly extended to the transmission-type geometry using highly efficient metallic and dielectric MSs [40, [54] [55] [56] [57] [58] . Furthermore, the techniques proposed in this paper for elongating the DOF of the lens may also be beneficial for other focusing types such as antiresolution focusing [59] (i.e., generating an empty light capsule) and require further exploration in a future study.
POLARIZATION-DIVERSITY TECHNIQUE
First, the concept of the polarizing lens introduced in Ref. [46] is extended here to the investigation and development of bifocal lenses. Let us denote the coordinates of the center of MS cells with r mn r 00 max nbŷ, where m and n are integers that denote MS cells, and a and b denote the unit cell periods along the x and y directions, respectively. In order to refract an incident ray propagating with the wave vector k i onto a pointlike spot at r f , the required local phase of the reflection coefficient at the mnth MS cell, denoted by ϕ mn , can be found as [46] 
where s 0; 1; … is an arbitrary integer and ψ is an arbitrary phase offset, constant with varying n and m. Note that this equation holds for both x and y polarizations, and different r f can be chosen depending on different polarizations. The proposed flat MS lens consists of anisotropic Y-shaped nanoantennas. The advantages of these Y-shaped nanoantennas compared to the previously employed V-shaped designs as in Refs. [40, 45] consist in having an extra degree of freedom (stub length) that helps in balancing the reflection intensities of x-and y-polarized waves and having two different and independent reflection phase profiles for two orthogonal linear polarizations. The Y-shaped nanoantennas are made of Al and patterned on one side of a silica substrate with thickness of 400 nm, while a sufficiently thick aluminum layer is deposited on the other side of the substrate to act as a ground plane. In this paper, the operating wavelength of the MS lens is 4.3 μm.
The complex relative permittivities of the Al and SiO 2 substrate are also provided in the caption of Fig. 2 . Figure 2(a) shows the geometry of the Y-shaped nanoantenna together with the current paths for symmetric and antisymmetric resonance modes that correspond to y-and x-polarized electric fields, respectively. While tuning the arm angle and the arm length l 1 changes both the reflection coefficients of x-and y-polarized waves, tuning the stub length l 2 mainly changes the y-polarized wave's reflection coefficient and has a slight effect on the x-polarized wave's reflection coefficient (antisymmetric mode) [46] . In order to focus the slant-polarized incident beam (i.e., the projections of the incident electric field on the x-and y-axes are of equal amplitude and phase) onto two foci at locations r f x and r f y upon reflection, the physical parameters of the Y-shaped element at the mnth cell's location on the MS must be properly tuned. It is required that the simulated reflection phases from the mnth element for both principal polarizations (ϕ The frequency domain finite-element method (commercially available in HFSS by Ansys Inc.) is used to simulate the Y-shaped nanoantennas in a fully periodic arrangement with normal incidence illumination, applying the local periodicity assumption [39, 46, [62] [63] [64] . The bifocal lens is subsequently designed to work under a beam incidence angle of α 30°(i.e., the beam is coming at an angle of α 30°from the MS normal, z-axis) as shown in Fig. 1(a) . In this figure, the slant-polarized beam impinges on the lens with an electric field vector having two orthogonal x-and y-polarized components with identical amplitude and phase. Upon reflection from the lens surface, the x-and y-polarized components of the incident beam are focused into two spatially separated spots at r f x f xẑ and r f y f yẑ , respectively. Based on the element characterization provided in Figs. 2(b) and 2(c) and using Eq. (1), an illustrative flat bifocal circular lens of radius 25 λ (wavelength is λ 4.3 μm) is designed to have foci at f x 42.8 λ (numerical aperture, NA, of NA x 0.5 ) and f y 89.5 λ (NA y 0.27). The transverse scattered electric field within the focal range is numerically computed from the transverse electric field on the MS by using the plane wave spectrum decomposition as in Ref. [21] . The corresponding longitudinal component of the scattered electric field is also found by applying Maxwell's divergence equation in the spectral domain followed by an inverse Fourier transform (see Ref. [65] , Chapter 12, page 705). The Fourier and inverse Fourier transform integrals in plane wave spectral calculations [see Eqs. (24) and (25) in Ref. [21] ] are implemented numerically via a 2D fast Fourier transform algorithm where the spatial domain size and spatial resolution are 102.4 λ × 102.4 λ and λ∕20, respectively. The transverse field on the MS lens is stepwise approximated, and the reflected electric field at each MS cell is assumed uniform and equal to the reflected electric field calculated via the simulated reflection coefficient of the element multiplied by the transverse incident field at the center of the cell.
The electric field is assumed null outside of the overall MS equivalent aperture. A linearly polarized Gaussian beam, whose electric field and power density at the beam center are 1 V/m and 1.32 mW∕m 2 , respectively, illuminates the MS lens with α 30°angle of incidence. The total power carried by the beam is 246.8 pW, which is calculated by the surface integral of its longitudinal Poynting vector. The beam waist of the incident Gaussian beam in the MS plane is chosen to be three times larger than the radius of the MS (w 0 75 λ) such that incident beam has a plane-wave-like wavefront over the entire aperture of the lens. The intensities of the x-and y-polarized scattered fields in the longitudinal plane (x-z plane) are shown in Figs. 3(a) and 3(b) . The slant-polarized incident beam is focused onto two spatially separated foci having different polarizations, that is, x-and y-polarized. Note that the actual foci centers observed in Fig. 3 (obtained by PWS calculations) occurring at 42.5 λ and 89.1 λ slightly deviate from the designed geometrical point-like spot at 42.8 and 89.3 λ [used in Eq. (1)].
The larger the lens diameter, the smaller the difference between the designed geometrical focal distances and the actual ones. Note that such a shift occurs in all the reported cases in this paper. Since the bifocal lens has a higher NA for the x-polarized component of the incident field, the x-polarized spot (located closer to the lens) has a narrower lateral FWHM and shorter DOF compared to the y-polarized spot (the farther spot). The designed bifocal lens also works as a monofocal lens for an incident beam that is polarized purely along either the x 0 -or y 0 -axis. Fig. 3 . Simulation results for an illustrative bifocal MS lens shown in Fig. 1 (a) (with two well-separated foci of orthogonal polarizations) of radius 25 λ, placed at the z 0 transverse plane, upon plane wave incidence from an angle α 30°in the x-z plane, at λ 4.3 μm. The projections of the incident electric field on the x-and y-axes are of equal amplitude and phase. The intensity (normalized to its maximum) of (a) the x-polarized scattered field and (b) the y-polarized scattered field, in the x-z longitudinal plane: f x 42.8 λ (NA x 0.5), f y 89.5 λ (NA y 0.27). In the next step, the farther spot at f y is placed very close to the closer spot at f x , aiming at increasing the DOF. The design parameters of the Y-shaped nanoantennas on the MS are locally modified based on the aforementioned algorithm such that now we have two foci designed to be at f x 42.8 λ (NA x 0.5) and f y 47.7 λ (NA y 0.46).
Under the slant-polarized incident beam illumination with the incidence angle of α 30°with respect to the MS normal, we plot the intensity maps of the x-and y-components of the scattered electric field in Figs. 4(a) and 4(b) , respectively. Moreover, the intensity of the total scattered electric field vector, accounting also for the longitudinal component, is reported in Fig. 4(c) . The foci of different polarizations are at distinct locations whereas the focal range for the total field intensity extends over the two foci. The overall focal region has a uniform intensity distribution with a lateral FWHM of less than λ and a DOF, axial FWHM, of about 10.1 λ (extends from z 40.4 λ to 50.5 λ). The proposed bifocal lens has a single elongated focal region [ Fig. 4(c) ] with a DOF which is 1.6 times longer than that of a simple monofocal lens of the same aperture size [Figs. 4(a) and 4(b) ], while the lateral FWHM is kept almost the same. In other words, the bifocal lens designed based on the polarization-diversity technique increases the DOF without compromising the lateral resolution and aperture efficiency of the monofocal lens of the same aperture size. Although the polarization diversity technique is used here to generate linearly polarized, spatially separated foci with orthogonal polarization vectors, such a technique can be straightforwardly used with other pairs of orthogonal polarizations, such as right-and left-hand circularly polarized beams, by employing a proper MS element. However, this should be further investigated in a future publication.
ANNULAR-SEGMENTATION TECHNIQUE
In order to further extend the DOF of the lens, an annularsegmentation technique is proposed such that the circular MS lens aperture is divided into a few annular regions, each region associated to an individual focal spot. In contrast to the polarization-only technique proposed in the previous section, which only offers two degrees of freedom (bifocal lenses), the annular-segmentation technique simply offers an increase in the degrees of freedom. By allowing extra foci, we design multiple overlapping foci that collapse into a needle-like focal region with elongated DOF. Here, we need to make an important remark regarding the superposition of fields scattered by different sub-MSs along the focal axis. In contrast to the polarization-diversity technique, the annular-segmentation technique leads to foci mainly with the same polarization. The copolarized fields scattered from different sub-MSs are not necessarily in phase all along the focal range. Therefore, when using only the annular-segmentation technique, it is difficult to avoid destructive interference, which would inhibit a single elongated focal region with uniform intensity distribution by bringing multiple foci close to each other. The illuminating beam has slant polarization, and its incidence angle is set at α 30°. Intensity (normalized to its maximum) of (a) x-polarized scattered field, (b) y-polarized scattered field, and (c) total scattered field in the x-z longitudinal plane.
focus for the peripheral sub-MS are then tuned such that the maximum magnitudes of the scattered fields from the central and peripheral sub-MSs are almost equal at their individual focal distances. Furthermore, field amplitudes are designed to drop to around half of their peak field amplitude between the two foci (here at the distance of z 38.3 λ ). For constructive superposition, it is important for these two contributions to be in phase at z 38.3 λ. Figure 5(b) shows the scattered field intensity (normalized to its maximum) from the overall lens aperture on the x-z longitudinal plane. It is observed that the scattered field intensity from the overall MS lens drops by about 5.6 dB at the distance z 46.3 λ away from the MS with respect to the maximum scattered field intensity along the focal z-axis that occurs at z 27.5 λ. The magnitude of the electric fields scattered from the central and peripheral sub-MSs together with the magnitude of the electric field scattered from the overall MS aperture are plotted in Fig. 5(c) . We observe that the fields due to the central and peripheral sub MSs are in comparable amplitude; thus the dip in the total field is attributable to a degree of destructive interference. Note that although the maximum magnitudes of the focal fields focused by the central and the peripheral sub-MSs are almost equal (see Fig. 5 ), the axial FWHM (i.e., the DOF) of the focal field for the peripheral sub-MS is longer than that for the central sub-MS. This is attributed to the fact that the peripheral sub-MS lens has a lower NA (i.e., a wider focus) and a higher incident illumination power (i.e., higher scattered field power) as compared to the central sub-MS lens. The phase difference between the electric fields scattered from the central and peripheral sub-MSs is also plotted in Fig. 5(d) . This plot clearly shows that the fields scattered from the central and peripheral sub-MSs possess a varying phase difference along the z-axis; therefore it is not easy to guarantee constructive interference between the fields scattered from two sub-MSs and uniform focal field amplitude along the z-axis. This fact is clearly noticed at around z 48 λ, marking the destructive interference since the phase difference is 180°. Based on this remark, in the next section we design the multifocal lens with the combination of the polarization-diversity and the annularsegmentation techniques to eliminate the destructive interference and achieve a flat intensity profile along the extended DOF. Note that for a given MS lens radius, the number of foci can be increased by increasing the number of annular sub-MSs in Fig. 5(a) . However, an important limitation must be kept in mind: the annular width of each sub-MS must be large enough such that the local periodicity assumption [39, 46, [62] [63] [64] remains valid (note that nanoantennas' dimensions might change considerably from one sub-MS to another since each sub-MS has a distinct focal distance). Note that the scattered field polarization upon reflection from the elements is mainly the same as the incident field polarization when the latter is polarized along the symmetry axis (y-axis) or along the asymmetry axis (x-axis) of the Y-shaped elements [46] (similarly to the V-shaped elements [40] ). Moreover, since the plane of incidence (yz) coincides with the symmetry plane of the Y-shaped elements, the MS lens is also symmetric with respect to the incidence (yz) plane. Due to these symmetry properties, the cross-polarized scattered field is minimized.
LENS WITH A SINGLE ELONGATED DOF
In this section, we combine the polarization-diversity and annular-segmentation techniques to design a lens with an overall single focal region with an elongated DOF. This is achieved by exploiting the degrees of freedom offered by the Y-shaped nanoantennas. The proposed lens aperture consists of two concentric sub-MSs, each with two separate foci of different polarizations, which leads to a total of four foci. Importantly, consecutive foci along the focal axis are always chosen from orthogonal polarizations, such that the focal fields with the same polarization and scattered from separate sub MSs are farther separated to minimize destructive interference wherever they are in comparable amplitudes. Next, we optimize the x-and y-polarized focal distances and the outer radius of the central sub-MS to achieve a single focal region with uniform intensity distribution and elongated DOF. Considering the dependence of the spot size and DOF on the ratio of focal distance to lens diameter (i.e., the NA), the peripheral sub-MS (which has a larger diameter) is set to obtain the focus with the longer focal distance such that an overall focal region with uniform transverse resolution is achieved. The outer radius of peripheral sub-MSs is also fixed at 17.5 λ. The radius of the central sub-MS and the distances of the corresponding x-and y-polarized foci for each sub-MS are selected by minimizing the error function, defined as
where z ∈ 30 λ; 80 λ, f c x < f c y < f p x < f p y (in which subscripts x and y denote the polarization), E0; 0; z is the total electric field vector on the z-axis (focal axis), and mean function meanf·g represents the average over z ∈ 30 λ; 80 λ. In this procedure, we use the genetic algorithm technique to minimize the error function in Eq. (2) , where the number of sampling points along the z-axis is 51. The field E0; 0; z is evaluated using plane-wave spectrum decomposition where the field on the MS is step-wise approximated as explained in Section 2 of this paper and in Section 4 of Ref. [21] . The optimal design in the end consists of two annular regions of outer radii 10.7 λ and 17.5 λ whose expected geometrical foci are allocated, respectively, at f A very shallow dip of about −0.58 dB (with respect to the maximum scattered field intensity) along the focal axis (z-axis) is observed at distance z 50 λ away from the MS [marked as III in Fig. 6(b) ]. The NA of the lens, considering the center of the focal region as the effective focal point, is about 0.26. The reported elongated DOF of ∼74.1 λ is much longer than the theoretical DOF of a conventional lens (i.e., nλ∕NA 2 , in which n is the refractive index of the host medium [66] ) which is ∼14.8 λ. In Figs. 6(c)-6(g) we report the field intensity maps on different x-y transverse planes at z locations within the focal range, marked by roman numerals in Fig. 6(b) . Moreover, the FWHM of the focus field in the x-y transverse plane (lateral Research Article resolution) is shown in Fig. 7 varying the transverse plane location within the focal region. It is observed that the lateral FWHM slightly changes from ∼1.37 λ to ∼2.8 λ along the focal range extended from z 27.7 λ to 101.8 λ. The absolute efficiency of the MS lens is also ∼28% at 4.3 μm. In order to determine the absolute efficiency [58] , we first calculate the waist of the scattered field in the transverse focal plane. Here the transverse plane located in the middle of the focus range (extending from z 27.7 λ to 101.8 λ) is considered as the focal plane, which is the z ≈ 65 λ transverse plane. The waist of the scattered field (in the focal plane) is defined as the full width of the normalized intensity at 1∕e 2 and is evaluated by fitting the scattered field intensity distribution at the focal plane to a Gaussian function [58] . The absolute efficiency is then defined as the total power flowing within the waist at the above defined focal plane, divided by the incident power illuminating the MS [58] .
CONCLUSION
We have shown a novel concept and design for flat MS multifocal lenses, which provides multiple foci with arbitrary locations and separations. Instead of forming only a single spot, the proposed lens can focus the incident beam into multiple closely spaced/spatially separated foci. Thanks to the proposed Y-shaped antenna elements that add a degree of freedom compared to the V-shaped elements used in other publications, bifocal lenses are implemented based on the polarization-diversity technique in which each polarization contributes to one focal spot. Furthermore, the flat MS lens consisting of multiple concentric annular regions provides the possibility of focusing the incident beam into multiple well-separated foci. Subsequently, a flat lens with a single elongated focal region with DOF of about 74.1 λ and lateral FWHM of about 1.7 λ is successfully implemented by combination of the polarization-diversity and the annular-segmentation techniques. The implementation of multifocal lenses and monofocal lenses with elongated DOF by thin flat MS would significantly reduce cost, volume, optical loss, and system complexity in integrated optics.
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